Motivation: This study presents a novel investigation of the effect of kinetic control on cotranslational protein folding. We demonstrate the effect using simple HP lattice models and show that the cotranslational folding of proteins under kinetic control has a significant impact on the final conformation. Differences arise if nature is not capable of pushing a partially folded protein back over a large energy barrier. For this reason we argue that such constraints should be incorporated into structure prediction techniques. We introduce a finite surmountable energy barrier which allows partially formed chains to partly unfold, and permits us to enumerate exhaustively all energy pathways. Results: We compare the ground states obtained sequentially with the global ground states of designing sequences (those with a unique global ground state). We find that the sequential ground states become less numerous and more compact as the surmountable energy barrier increases. We also introduce a probabilistic model to describe the distribution of final folds and allow partial settling to the Boltzmann distribution of states at each stage. As a result, conformations with the highest probability of final occurrence are not necessarily the ones of lowest energy.
INTRODUCTION
There have been several definitions of cotranslational folding, but it has been elegantly stated that ''co-translational folding has occurred if, following extrusion from the ribosome, the native structure is achieved more quickly than if the full-length, unfolded polypeptide were diluted from chemical denaturant into the same folding milieu as that in which protein biosynthesis occurred'' (Baldwin, 1999) . It is recognised that some proteins can fold rapidly and cotranslationally both in eukaryotic and prokaryotic cells (Basharov, 2003; Braakman et al., 1991; Kolb, 2001; Kolb et al., 2000; Netzer and Hartl, 1997) and there is recent evidence that some proteins become in vivo biologically active as the polypeptide chain is being translated (Nicola et al., 1999) . We also know that cotranslational folding can occur spontaneously without additional cellular components (Sanchez et al., 2004) . Interestingly, nitinol wire, known to remember its annealed shape, has been used to model behaviour of biopolymers and showed that in some cases the native state could only be reached sequentially (Keller, 2003) .
Levinthal pointed out that the protein folding process cannot search the entire conformation space due to its vast size. Since proteins are known to fold in the order of milliseconds, we must assume that they follow a restricted set of pathways to reach their native conformation (Levinthal, 1968; Levinthal, 1969) . Hence folding is assumed to be under kinetic control, that is, the folding pathway of a protein is unlikely to incorporate folding to a state which would be less thermodynamically stable. It was advanced that protein folding obeys thermodynamical laws and therefore has a native state which is the ground state of lowest free energy (Anfinsen, 1973) . It has been theoretically demonstrated (Govindarajan and Goldstein, 1998 ) that a sequence whose native state has originally a higher energy than the lowest energy state, when submitted to evolution under kinetic control, will most often evolve towards a sequence whose native state is the lowest energy conformation. Thus folding under kinetic control does not necessarily violate the thermodynamical hypothesis.
Surprisingly, state-of-the-art protein folding prediction methods do not incorporate a cotranslational aspect (Bujnicki, 2006) ; in the latest Critical Assessment of Techniques for Protein Structure Prediction meeting (CASP, 2004) none of the chosen methods exploited the sequential nature of folding. Cotranslation has already been investigated in simulations of biopolymers (Bornberg-Bauer, 1997; Fernandez, 1994; Morrissey et al., 2004) , but the effect of kinetic control remains unexplored. The method we propose aims at filling this gap; we investigate the effect of energy barriers on cotranslation.
We fold proteins sequentially, mimicking nature as closely as possible. By a ''sequential folding'' we will refer to the path of intermediate and final conformations simulated as the nascent polypeptide chain is elongated. A ''sequential ground state'' is a conformation of lowest energy obtained once all residues are added. We simulate protein fold evolution, as the polypeptide chain length increases, by sequentially elongating the length of protein to be folded, starting from the N-terminus. Amino acids are added one by one at the C-terminus of the chain and each time the chain length increases by one residue, the conformation already simulated is permitted to change. The point here is that the new fold must be a ''restricted evolution'' of the previously predicted fold. By this we mean that the simulation of the newly elongated chain does not start with a random or fully extended conformation, but with the previous model obtained as a base, to which is added the new residue. The latter is added in a fully extended conformation. We also investigate the possibility of adding more than one residue at a time. The final fold of the protein is obtained once all residues are added.
Essential here is the concept of a surmountable energy barrier (Baker, 1998; Guo et al., 1997; Sohl et al., 1998) , the orchestrator of kinetic control. The surmountable energy barrier enables us to partly avoid kinetic traps, and represents the maximum energy gain possible for the protein at each step of its folding process. It is essentially the unfolding energy available in the system. In the following cases of folding under kinetic control, this surmountable energy barrier is assumed to be finite. Rationale for the imposition of a surmountable energy barrier comes from a number of sources. We know that $20% of proteins require intervention of chaperones, which play an important role in cotranslation (Frydman, 2001; Hartl and Hayer-Hartl, 2002) . It is believed that the primary role of chaperones is to prevent aggregation of nascent polypeptides. The surmountable energy barrier aims at representing the restriction on the folding pathways induced by chaperones. We also know that folding space is restricted by the structure of the ribosome itself (Ban et al., 2000; Ramakrishnan, 2002; Wilson et al., 2002) . In particular, the fold of polypeptides is constrained by the ribosome exit tunnel (Jenni and Bany, 2003; Nakatogawa and Ito, 2002) which favours a-helical secondary structures (Ziv et al., 2005) .
We know that some codons are less frequent than others, inducing different translation rates (Andersson and Kurland, 1990; Curran and Yarus, 1989) and that codon substitutions can lead to lower specific activity (Komar et al., 1999) . Slow codons, usually positioned between domains, can induce a delay required for correct folding of the N-terminus domain (Komar and Jaenicke, 1995) . Slow codons can also enhance the formation of secondary structures by preventing domains from interacting with each other (Purvis et al., 1987) . To model the variation in translation rate imposed by codon selection, we introduce parameter s which represents the number of residues added each time the polypeptide chain is elongated. This creates a primitive ''elongate-pause'' iterative extension process.
We also attach a probability to all partial and fully extended conformations. It has been observed that the biologically active state of some proteins does not correspond to their lowest energy conformation (Sohl et al., 1998) . We introduce a probabilistic model which captures two factors. The first factor is the number of kinetically controlled energy pathways which can lead to the conformation (relative to the number of possible conformations for the considered sequence). The second factor is the Boltzmann equilibrium distribution for the current set of partial configurations. We balance the two factors using a ''thermodynamic permission factor'' b. This measures the extent to which the Boltzmann distribution is reached. We investigate whether kinetic control together with partial movement to the Boltzmann distribution can result in a sequential ground state whose energy may be a local minimum in the thermodynamic energy path of the protein, as observed experimentally.
HP lattice models have proven a useful tool for modelling protein folding in a simple manner (Chan and Dill, 1993; Chan and Dill, 1994; Dill et al., 1995; Pande et al., 1997; Shakhnovich, 1998) , predicated on the assumption that protein folding is ruled by hydrophobic collapse. Here we use them to assess the impact of sequential folding. Sequences involving only two types of monomer (hydrophobic H and polar P) are considered, with monomer positions restricted to either a two or three-dimensional lattice. Simple models have been used to simulate globular protein folding incorporating cotranslation and restrictions on the folding space, modelling the ribosome as an inert wall (Sikorski and Skolnick, 1990) . It was found that a-helical proteins preferred to assemble parallel to the wall, and four member b-barrels slightly preferred assembly perpendicular to the wall. Sikorski and Skolnick ''never observed a successful case of co-translational folding'' and did not consider kinetic control. They used a Monte Carlo algorithm to search the conformation space and pass through local minima, whereas we develop a fully deterministic approach and exhaustively search the conformation space.
In summary, we explore the consequences of following a sequential route to the final fold. In particular, we study the influence on final conformations of the height of the surmountable energy barrier d and the number of residues s added at each iteration. We find that under kinetic control the sequential ground state of a protein can differ from the global one ( Figure 1 ). The global state of minimum energy can be reached only with a sufficiently high surmountable energy barrier.
We then present the impact of the variation of the main parameters (extrusion length and surmountable energy barrier) on the compactness and multiplicity of the folds. For a given sequence, we observe that final conformations are more compact and less numerous as we increase the surmountable energy barrier.
Finally we enrich our analysis and introduce a probabilistic model based on partial movement to Boltzmann equilibrium at each stage. This enables us to attach a probability to all partial or final conformations obtained for a particular sequence.
METHODS

Principles
Designing sequences We use designing HP sequences in our study.
These are sequences with a unique ground state of lowest energy. Irbäck et al. (Irbäck and Troein, 2002 ) present a list of all designing sequences with up to 24 residues. This provides us with reference sequences against which we can test the sequential folding algorithm.
HP Lattice models
We use models which fold on a two-dimensional lattice with residues either hydrophobic or polar. They are said to be in contact if they are adjacent in space but not in sequence. The total energy of the chain is determined by the number of contacts in the conformation simulated.
We let n be the number of residues in the full chain. To study the impact of the variation of the chain length, n takes the value 16 or 24. Evidence has been given that such lengths are capable of mimicking relevant protein behaviour (Chan and Dill, 1993; Chan and Dill, 1994; Dill et al., 1995; Pande et al., 1997; Shakhnovich, 1998 Conformation G represents the global ground state, the unique conformation which has an energy of minus five for this particular sequence. Conformation S is that obtained sequentially, with energy of minus four, when the surmountable energy barrier is zero.
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Sequential Folding Since we work with relatively short lengths n, the number of monomers s added at each iteration is chosen to be one or two. Sequences of length 16 can have a maximum of nine contacts, so it is reasonable to perform simulations with d, the surmountable energy barrier, equal to zero, one or two. The first s monomers are laid down, locating them in a conformation with minimum energy, at the same time retaining all configurations within energy d of this minimum. We then have a first set of local conformations of length s and proceed to expand these by adding s monomers to all of these partial configurations, retaining those with minimum energy and all within energy d of this new local minimum. Parameter d remains the surmountable energy barrier, so leading to a new set of local conformations of length 2s. This procedure is repeated until all monomers are used. A configuration with minimum final energy is termed a ''sequential ground state'', and the one of lowest energy the ''global ground state''.
A conformation C l , of length l, is extended by s residues using s steps of the three possible single step directions (Figure 2 ). These three possible directions are-in relative moves-forward, left and right. Only conformations which are self-avoiding and non equivalent are retained. Two conformations are deemed equivalent if one can be obtained either by rotation or reflection on the lattice from the other. At each step we obtain a maximum of three new conformations of length l+s. The process is then repeated with each one of these conformations of length l+s, and so on until we generate conformations of length n. If n is not a multiple of s, then the algorithm is run for b n = s c steps; the last iteration handles the remaining residues.
Measures of fold compactness
As explained in the introduction, we wish to study the impact of folding sequentially, considering the surmountable energy barrier d, the number of residues added at each iteration of the algorithm s and length of the polypeptide chain n. To assess the final fold we use several measures.
Radius of gyration
We calculate the radius of gyration of conformations, as used in real protein structure prediction (Rohl et al., 2004; Simons et al., 1997; Simons et al., 1999) , using
where x i ¼ (x i1 , x i2 ) represents the two coordinates of point i and n is the number of residues in the conformation.
Moment of inertia
We use the moment of inertia (MI) as an indicator of the compactness of the structure. It reflects the variance of distances from residues to the centre of mass of the conformation,
We also use a MI restricted to hydrophobic residues. In this case we term the result the hydrophobic moment of inertia (HMI).
Contact signature We define the contact signature S of a conformation to be the average distance in sequence between two residues in contact. So we have
where d(i,j)¼j-i is the distance in sequence between the residues at position i and position j and D(i,j) equals one if residues i and j are in contact and zero otherwise; N contacts is the number of contacts in the chain.
RESULTS
We use HP models to investigate the difference between the minimum energy state of a controlled sequential folding and the globally minimum energy state. A difference in these two end states will be found if nature is incapable of pushing a partially formed protein back over a sufficiently high free energy barrier. We explore the influence on this difference of n, d and s.
For a particular sequence, the number of final sequential conformations at the minimum energy level decreases as the surmountable energy barrier increases We focus on 149 randomly selected designing sequences of length 16 whose unique global ground state is known. We extrude one residue at a time, so s is equal to one. We first set the surmountable energy barrier d at zero. We observe that for 48 sequences (32.2%) we obtain a unique sequential ground state, which is not necessarily the global ground state. The number of sequences with a unique sequential ground state increases to 95 (63.8%) as we raise d to one. These results suggest that for a given sequence, the number of final conformations decreases as the surmountable energy barrier increases. As we increase d, the number of local conformations (as described in methods) retained at each step of the elongation increases. Those which are kept have an energy within d of the lowest. If more conformations are simulated, the probability of retaining the global ground state of energy rises. With a surmountable energy barrier sufficiently high, it is possible to enumerate all conformations and then be sure of obtaining the global ground state. Increasing the number of residues extruded at a time has a similar effect. Adding more than one residue at a time increases the number of intermediate conformations simulated as well as the odds of retaining the global ground state.
For the sequence HPPPPHPPPHPHPPHH, for example, a surmountable energy barrier of one is sufficient to access the global state (Figure 3 ).
Conformations become tighter as the surmountable energy barrier increases Given a particular sequence there are many final sequential folds (with the same energy) for a given s and d. We measure the compactness of the structure with the radius of gyration R g . We determine the average R g over all such conformations sequentially generated for a particular sequence. As d increases, the average R g decreases. We find that for 88% of the sequences, this average R g remains the same or registers a decrease when we increase d from zero to one, with s equal to one. An example is given in Figure 4 .
We also evaluate an average hydrophobic moment of inertia (HMI) of all sequential ground states obtained for a particular a b Fig. 2 . The different ways to extend a conformation, adding one residue (a) or two (b) at a time. The plain line represents the extremity of the conformation already simulated, and the dashed lines the possible extensions.
Modelling sequential protein folding under kinetic control e205 sequence. We find that the hydrophobic core forms as the surmountable energy barrier increases. We then calculate the difference between this average HMI and the HMI of the global ground state of minimum energy. We observe that as d increases the average HMI of the sequential ground states simulated moves closer to the global HMI. We observe that as d increases, the energy level of final conformations simulated tends to be closer to the energy level of the unique global ground state. The global ground state has the maximum number of contacts possible; hence it generally also has the tightest hydrophobic core. So the closer the conformations are to the global ground state, the tighter their hydrophobic core is likely to be. In all of the 149 sequences simulated, we observe that 65% (97) have an average HMI which decreases when we increase d from zero to one, and 19.5% (29) have an average HMI which remains the same.
Sequentiality favours short range contacts The further the energy of the sequential path is from that of the global path, the more localized the contacts become. We randomly select 242 sequences of 24 residues and run simulations with d equal to zero and s equal to one. For each sequence we then evaluate the average of the sequential contact signatures, and calculate the difference with the global contact signature. We find that in 89.7% of the cases, the average sequential contact signature is less than the global. We also notice a positive relation when we plot the biggest energy gap for each sequence against the difference in contact signature ( Figure 5 ). These results confirm a previous study which showed that cotranslationality favours local contacts (Morrissey et al., 2004) .
Some sequences are not foldable sequentially with a low surmountable energy barrier The method explores exhaustively all possible conformations accessible sequentially. Some particular sets of intermediate conformations may result in non-extendable conformations. These are conformations which have folded into a state that cannot be extended to reach the full length conformation. It is possible to avoid these dead-end conformations by increasing the surmountable energy barrier. An increase in d permits a higher number of intermediate conformations to be retained at each iteration of the elongation, and thus reduces the chance that an iteration results only in conformations which cannot be extended. We assume that these conformations which cannot be modelled sequentially with a low surmountable energy barrier cannot represent proteins which have mutated through evolution. We conclude that biological sequences must evolve to avoid sequences which can fall into such traps. 5 . We evaluate the difference between the average of the sequential contact signatures and the global contact signature. We also determine the maximum energy gap (in the energy paths) between the sequential path of lowest energy and that of the global ground state. The signature difference is plotted against the largest gap in energy. The superimposed points with a null energy gap and a null contact signature difference correspond to the cases where the final sequential conformation is always the global one.
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Analysis of energetic pathways of sequentially folded proteins We focus on the 10-mer HPHPPHPPHH. We simulate the ground states obtained with a surmountable energy barrier d¼0, adding one residue at a time, so s¼1. This sequence corresponds to the shortest designing sequence available for which the unique global ground state fold differs from the global ground state under the preceding conditions. Figure 6 shows two of the conformations obtained sequentially and that of the global ground state. The global ground state can only be reached with a surmountable energy barrier of one. Figure 7 shows the energy paths of the sequential ground states and the global ground state. When the sixth residue is added, the best fold modelled sequentially has one more contact than the path towards the global ground state of energy. Since the surmountable energy barrier is zero, the path to the global ground state is not retained. Having a null probability of occurrence, the ground state is eliminated from the pool of potential final folds (Figure 8 ).
Definition of a probabilistic 2D simple lattice model The surmountable energy barrier allows a set of conformations to be retained at each elongation of the chain, and these may have different energies. As a consequence, there may also be a set of final conformations for a given sequence. We want to be able to attach a probability to each of these conformations, partially or fully elongated.
We know that some proteins in their native state are not in their lowest Gibbs free energy state, and fold to a state more stable than the native one (Baker, 1998; Sohl et al., 1998) . Baskakov et al. showed for instance that the folding of mouse prion protein was under kinetic control when folding to its a-helical native conformation, separated by a large energy barrier from a more thermodynamically stable b-sheet-rich isoform (Baskakov et al., 2001 ). Therefore we accept that the intermediate conformations accessed by the polypeptide, as it is elongated, may also not be in a lowest free energy state. In order to model this we do not permit the distribution of conformations to reach the Boltzmann energy distribution completely and we introduce a ''thermodynamic permission factor'' b (0 b 1). This factor is a coefficient permitting movement to the Boltzmann equilibrium probability of every conformation, partially or fully extended.
We now model the probabilities of intermediate conformations along the different energy pathways. The probabilistic model defines a distribution for each intermediate and final model which is the sum of two components, an initial probability weighted by 1-b and the Boltzmann probability weighted by b. The initial probability is the parent conformation probability divided by the number of offspring of this parent conformation, so is determined by the different elongation paths. If several conformations, after elongation, result in the same offspring conformation, the latter has a chance of occurrence which is the sum of the probabilities of the common offspring. As we assume that the pool of intermediate conformations may not reach the Boltzmann equilibrium, the Boltzmann equilibrium distribution is weighted by b.
Conformation C (E=-4)
Conformation A (E=-3) where Q l+s is the partition function and g l+s (h) is the density of states, which is the number of all sequential conformations of length l+s with h contacts, c l+s is the maximum number of contacts among all conformations of length l+s, T is the temperature and k is the Boltzmann constant.
Application of the probabilistic model We apply the probabilistic model to the 10-mer HPHPPHPPHH. We study the impact of b and the temperature T on the distribution of conformations at each step of the elongation process, using d¼1 and s¼1. Figure 9 (A-I) shows the nine final conformations obtained; Table 1 shows the final probabilities of these nine conformations. We see that the probability of being in the lowest state of energy (conformation C) decreases as we raise T and lower b. With T¼0.8 and b¼0.25 . A graphic showing the probability that the 10-mer HPHPPHPPHH is in the lowest state of energy (À4) as temperature and thermodynamic permission factor change. We observe that the probability decreases as the temperature rises and as the thermodynamic permission factor b drops. When we increase the temperature we allow more energy for unfolding, favouring states which have a higher energy than the ground state. As b decreases to zero, we allow the distribution at each elongation stage less freedom to settle to the Boltzmann distribution, favouring higher energy states. Note that a b of zero results in a model which is independent of temperature, whence the non-zero probability of a final conformation is solely determined by the initial probabilities at each stage.
we have conformations A and B more likely to occur than the lowest energy conformation C. Figure 10 shows the probability that the 10-mer HPHPPHPPHH is in the lowest energy state as T and b vary.
Consequences of cotranslational folding of real proteins Should cotranslational folding prove to be the norm, then we can make predictions about the effect on protein structure: (i) The N-terminus may be more likely to be buried; the C-terminus, being ''held'' by the ribosome, may be more likely to be peripheral in the final structure.
(ii) Protein structure may favour local contacts.
(iii) The active state of a protein may not be the lowest energy state.
(iv) Designed sequences may often fail to produce the desired structure because cotranslational folding is not taken into account. Therefore designing artificial proteins with local interactions vectorised from the N-to the C-terminus may be advantageous.
(v) New folds of lower energy may be found if we relax kinetic control, increasing the surmountable energy barrier.
CONCLUSION
We have modelled the folding of proteins cotranslationally and under kinetic control, with the help of simple lattice models. We selected intermediate conformations, within the surmountable energy barrier, as the polypeptide chain elongated. We saw that the globally minimum energy, that with the maximum number of contacts, was not always accessible with a low surmountable energy barrier. As we increased this barrier, we obtained final sequential conformations which were more compact and less numerous. A sufficiently high barrier enabled us to reach a final conformation which had the maximum number of contacts. We attached a probability to each of the intermediate and final folds obtained. We introduced a thermodynamic permission factor, capturing the property that intermediate and final conformations under constraints may not always reach the Boltzmann equilibrium. We found that folds with lowest energy were not always the ones with highest probability. We summarized our results in Table 2 .
The study is restricted to short, two-dimensional designing sequences. Modelling could be improved through use of longer sequences, folding three-dimensionally. The thermodynamic permission factor modelled various in vivo constraints on the folds, summarizing these constraints in a single parameter. Future developments could include use of a length-dependent thermodynamic permission factor. Finally, we know that the ribosome imposes spatial restrictions on the fold; these should also be taken into account. 
